Optical properties of metal oxide nanoparticles are subject to synthesis related surface defects and impurities. Using photoluminescence spectroscopy and UV diffuse reflectance in conjunction with Auger electron spectroscopic surface analysis we investigated the effect of surface composition and oxygen adsorption on the photoluminescence properties of vapor phase grown ZnO and MgO nanoparticles.
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Introduction
Defect engineering belongs to the important challenges in the development of functional particle systems. Moreover, control over defect populations in a particle powder is required in order to endow it with new and desirable properties.
Corresponding approaches are particularly demanding since the generation, concentration increase or depletion of defects with functional as well as unwanted properties requires the address along the entire process chain. This spans the wide range beginning with the production of particle powders using a variety of different synthesis routes, to particle processing and integration into the device and, ultimately, to device operation which corresponds to materials exposure to electric current, heat, radiation or mechanical stress.
Motivated by the photoelectronic properties of ZnO nanomaterials and the rich spectrum of related applications, there is a continuously growing number of publications related to the research topic "ZnO nanoparticles and photoluminescence properties". Recent research activities address the relationship between different defect types and photoluminescence emission features. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Although it is well established that surfaces and interfaces dominate and control the properties of nanomaterials 13 , the chemical and physical nature of ZnO nanoparticles remain unspecified in most cases. Considering the fact that minor changes in synthesis, handling and processing can alter the surface properties of the particles, a particularly unsatisfactory situation is created where an increasing number of publications report discrepant results for the same nanoparticulate material.
In this paper we demonstrate that vapor phase grown ZnO nanoparticles, which were grown under oxygen rich conditions, show bright photoluminescence emission that is Bare and well-facetted nanoparticle surfaces that are free from any type of surface adsorbate certainly represent an ideal starting point for related studies. However, required sample activation approaches typically involve high temperature treatment in vacuum. Under such conditions, metal oxide nanomaterials typically undergo substantial particle coarsening and coalescence due to their limited thermal stability.
As a result, most nanoparticles deteriorate and transform into ill-shaped microcrystalline materials displaying very complex surface and interface characteristics. 14 The aim of the present study is to document the influence of oxygen in the surrounding continuous phase on the properties of as-synthesized metal oxide particles in comparison to those which were subjected to moderate annealing.
Experimental Section
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Material synthesis
For the production of MgO and ZnO nanoparticles we used chemical vapor synthesis (CVS). The details of MgO production technique is given elsewhere. 15 , 16 ZnO nanoparticle were synthesized by the means of a two-hot-zone CVS reactor ( Figure   S1 , ESI). The reactor system employed for this purpose consists of one quartz glass tube, which is placed inside a heating coil (first zone) followed by a ceramic tube furnace (second zone). The first zone of the tube hosts a ceramic ship with zinc acetate dihydrate powder (≥ 99.0%, Sigma-Aldrich), which is heated to 523 K to sublimate the precursor. An oxygen stream (650 sccm) is mixed with the precursor in the gas phase and transports the metal organic vapor to the second zone of the tube where the furnace provides T = 1073 K inside the glass tube. At this zone, precursor is decomposed and ZnO nanoparticles form as a result of oxidation and homogeneous nucleation in the gas phase. The total pressure (15±2 mbar), as well as flow rate and temperatures in the reactor are kept constant during the time of nanoparticle collection.
Annealing
After production and short contact time with air, the nanoparticle powders were transferred into quartz glass cells, within which thermal sample activation was performed. Annealing treatment is used according to a defined procedure ( Figure S2 , ESI) for dehydration, dehydroxylation and removal of carbon based surface contaminants. At the beginning, the cell containing nanoparticles powder was evacuated to p < 10 -5 mbar at room temperature. The respective sample was then heated to 373 K at a rate (r) = 2. followed by an evacuation to base pressure of p < 10 -5 mbar in order to remove water and CO 2 as oxidation products ( Figure S2 , ESI).
Structure and Morphology
X-ray diffraction (XRD) measurements were performed on a Bruker AXS D8 Advance diffractometer using Cu Kα radiation (λ = 154 pm). For transmission electron microscopic measurements with a Phillips CM300 UT TEM operated at 300 kV, small amounts of the metal oxide powders were cast on a carbon grid just by immersing the sample grid into the dry powder.
Spectroscopy
The Auger electron spectroscopy (AES) measurements were performed in a UHV chamber equipped with a Leo Gemini electron column and a hemispherical electron energy analyzer (Omicron Nanotechnology/NanoSAM 17 , 18 Apart from the corresponding metal and oxygen elements, carbon was detected in the samples exposed to ambient air. The relative concentrations of each element c A were obtained by using the following formula:
where I A , I B and I C correspond to the peak areas for the three elements of interest (O, C, Zn or Mg) or to the peak-to-peak intensities in the derivative spectrum. The selected peaks for the oxides correspond to the main transitions KL 2,3 L 2,3 for O and
Mg and L3M 4,5 M 4,5 for ZnO. 19, 20 S A , S B and S C refer to the corresponding sensitivity factors which were taken from reference 21 . For proof of consistency the concentration estimates were derived from both the original spectra (via area analysis) as well as from the correspondingly derived ones (via peak heights). The peak areas were determined via linear background subtraction. The intensities (areas or peak-to-peak heights) of the different elements in each survey were estimated and the corresponding averaged values were determined and used to calculate the concentrations according to the formula given above.
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UV diffuse reflectance spectra were acquired at room temperature using quartz glass cells with a Perkin-Elmer Lambda 950 spectrophotometer, equipped with an integrating sphere. The reflectance spectra were converted into absorption spectra using the Kubelka Munk transform procedure. For photoluminescence (PL) measurements, a Fluorolog®-3 Model FL3-22 spectrometer with a continuous wave 450 watt Xenon arc lamp was used for excitation. The double-grating excitation and emission spectrometers of the instrument offer excellent performance in resolution, sensitivity, and stray-light rejection. This system is well-suited for strongly scattering samples such as the nanoparticle powders investigated in this work. PL spectroscopy was performed at room temperature using quartz glass cell that guarantee vacuum condition better than 510 -6 mbar.
Results
Structure and particle size
ZnO and MgO nanoparticle powders were characterized both directly after synthesis and after controlled annealing at 673 K ( Figure S3 , ESI). After vacuum annealing at 673 K the particle size distribution in the ZnO nanoparticle powder remains narrow and peaks at an average particle size of 10 nm. This value is perfectly consistent with the average crystallite domain size (see above). MgO nanoparticles, on the other hand, exhibit a higher thermal stability. Their average crystallite domain size of d = 6 ± 1 nm does not change upon annealing (ESI, Figure   S4 ). While MgO is known for its low sinterability even at high temperatures, ZnO exhibits a high sinterability with high grain growth even at lower temperatures. These well-established phenomenon arises from differences in the interface energetics between the two metal oxides. 24 Supply of thermal energy to the metal oxide nanoparticle ensemble initiates ion diffusion and allows the grains to coarsen and to reorganize towards thermodynamic equilibrium. As observed for vapor phase grown 12 ZnO nanoparticles, annealing temperatures higher than 673 K can induce significant particle size disproportionation effects (Figure 3 ). 14 
Surface composition
After vacuum annealing to 673 K and at p < 10 -5 mbar metal oxide nanoparticles remain partially hydroxylated and may also retain residual surface carbonates or adsorbed CO 2 . Previous photoelectron spectroscopy measurements on MgO nanoparticles revealed that -irrespective from vacuum annealing procedures, which were applied ex-situ and prior to the measurement -MgO nanoparticles instantaneously adsorb carbon dioxide and other carbonaceous species from the air. 25 On the highly dispersed MgO with enhanced surface basicity as compared to
ZnO this process occurs within a few minutes of exposure to air and the surface contamination level is typically in the range between 20 to 30%. Systematic FT-IR studies on highly dispersed MgO samples reveal that only after vacuum annealing induced desorption at temperatures higher than 873 K, the concentration of hydrogen bonded neighbouring surface OH groups becomes negligibly small. [26] [27] [28] [29] Since the present study starts with as-synthesized nanoparticles we expect the coexistence of non-crystalline surface hydroxides, physisorbed water as well as surface hydroxyls. (Table S1, ESI) .
As a conclusion, the annealed ZnO nanoparticle samples were found to correspond to a stoichiometric compound, while the as-synthesized ZnO contains excess oxygen above the stoichiometric composition.
Optical Properties
UV-Vis Diffuse Reflectance Spectroscopy
Before as well as after annealing the MgO nanoparticle powders adopt a white 
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In addition, there is a broad emission feature with a maximum at hv Em = 2.1 eV (λ Em = 590 nm) and of only small intensity. In oxygen atmosphere the intensity is enhanced, while the band in the UV region becomes completely extinguished. Figure 5b shows the spectra for annealed ZnO nanoparticles. Both spectra -irrespective from whether they were acquired in vacuum or in oxygen atmosphere -do not show any UV emission band. In comparison to the as-synthesized sample, they show a red-shifted visible band centered at hv Em = 2 eV (λ Em = 630 nm) of by a factor of 3-4 reduced intensity.
As the MgO nanoparticles have been subjected to the same annealing procedure, their surfaces remain hydroxylated. Despite the fact that after synthesis most coordinatively unsaturated surface elements remain covered by adsorbates, the respective particle system already shows substantial photoluminescence (Figure 6a ), such as the band centered at hv Em = 3.2 eV (λ em = 390 nm). Vacuum annealing at 673K leads to an intensity enhancement by a factor of about five. In contrast to the PL emission effects observed for ZnO, the MgO related bands are perfectly quenched in the presence of gaseous oxygen (see blue in Figure 6 ).
Discussion
The effect of O 2 adsorption on the photoluminescence (PL) emission properties of two prototypical metal oxides with high and comparable surface-to-volume ratios is in the focus of this study. As a first important conclusion, the nature of the surrounding gasphase has a substantial effect on the photoexcited states formed inside a nanoparticle powder. Moreover, oxygen adsorption effects can disclose valuable information about the location of underlying defects. 40, 41 Table 2 summarizes the two opposite trends observed for O 2 adsorption on the PL emission intensity of insulating MgO nanoparticles, on the one hand, and semiconducting ZnO nanoparticles, on the other hand. is subject to the growth conditions in the excess of atomic oxygen.
We observe a positive PL intensity dependence on the presence of gaseous oxygen (Figure 5a ). The O 2 adsorption effect proves the underlying defect's location in the near surface region, i.e. in the range of the depletion layer of the semiconductor particle, where adsorbate induced surface potential changes and band bending become active 41 . While molecular oxygen acts for surface excited states of MgO as a photoluminescence quencher (see below), the absence of PL quenching in case of ZnO nanoparticles rules out that the underlying excitonic transition is localized at distinct defects direct at the nanoparticle surface.
Materials specific issues need to be included into the discussion of the optical ZnO nanoparticle properties: the PL emission effect is strongest on the as-synthesized sample derived from the thermal decomposition of Zn acetate dihydrate. 31 On such samples, AES analysis points to a surface contamination with carbon that roughly corresponds to 5% ( Table 1) . As the nanoparticles emerge from the oxidative decomposition of an oxygen rich Zn precursor, we assume that they exhibit a surplus in oxygen. Taking into account the measurement uncertainty of the quantitative
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Auger analysis, the as-synthesized ZnO particles are in fact enriched in oxygen above the stoichiometric composition (Table S1 , ESI), whereas those which -prior to the AES analysis -had been annealed to 673 K -correspond to a stoichiometric compound. The oxygen excess may also stem from oxygen containing adsorbates such as surface carbonates or carboxylates. The photoluminescence fingerprint, i.e.
the emission band in the yellow light range, however, points to oxygen interstitials inside the lattice of the vapor phase grown nanoparticles. Annealing to 673 K initiates particle coarsening and, concomitantly, leads to crystallite domain size increase from 6 ± 1 nm to 10 ± 1 nm (Figures 2 and 3 ). This reveals that ion mobility and mass transfer are significant at these temperatures. We therefore attribute the PL emission intensity decrease in Figure 5b to the thermally induced annihilation of growth related lattice interstitials. MgO nanoparticles are completely different in this respect. As an ionic insulator and a nonreducible metal oxide we can expect a stoichiometric compound exhibiting a substantially higher thermal stability with regard to sintering and in comparison to ZnO (Figures 1-3 , S2)
In ZnO photogenerated electrons and holes either recombine radiatively by a direct band-to-band recombination mechanism producing the UV emission band (Figure 5a) or via a trap assisted mechanism upon emission of photons having less energy than the optical band gap. The effect of oxygen on the intensity of ZnO nanoparticles can be consistently explained by band bending on ionic semiconductors. 41 Adsorption of respective acceptor molecules ( Figure 7 ) enhances surface band bending and drives photogenerated holes into the surface near region. 42 We suggest that subsequent hole trapping at oxygen interstitials as deep trap states enforces their recombination with photogenerated electrons yielding the yellow photoluminescence emission.
For powders of entirely dehydroxylated MgO nanocubes, it is well-established that two absorption bands -far below the bulk absorption threshold of MgO (7.8 eV) -are associated with corner (4.6 eV) and edge sites (5.2 eV). 39 In addition, two closely spaced photoemission bands at 3.2 eV and 3.4 eV that are linked to the photoexcitation of corners and edges, respectively. 44, 45 As an entirely new insight from this study, hydroxylated MgO particle systems, which were investigated right after synthesis and prior to any activation treatment in vacuum show appreciable surface dependent photoluminescence. Consistent with the effect of hydroxyls on the electronic structure of MgO surface elements 46 , the respective emission feature with a maximum at hv Em = 3.2 eV is red-shifted in comparison to those observed on adsorbate free particle surfaces. While in case of ZnO where the PL emission 22 originating from surface near region is only indirectly affected by the adsorption of electron acceptors or donors, the excitonic properties of MgO nanoparticles involve localized excited states and are exclusively surface related.
The ZnO precursor used for this study, i.e. Zn(CH 3 COO) 2 2H 2 O, is widely employed for ZnO nanoparticle synthesis in the gas phase as well as in solution. [47] [48] [49] [50] [51] [52] [53] The majority of these studies lack information on synthesis related remnants and their potential influence on the optical materials properties. This study also involves a detailed AES analysis and shows that at least a surface fraction of 5% related adsorbates survives high vacuum treatment at 673 K. While these contaminants do not seem to affect the properties of the photoluminescing nanoparticles, molecular oxygen in the gas phase does. It must be concluded that every change in its sticking properties as well as in its concentration in the surrounding continuous phase critically affects the photoluminescence emission yield, irrespective of whether the surface excited state is directly located at the surface (MgO) or in the depletion layer underneath the surface of the semiconductor (ZnO).
Photoluminescence is a well-suited spectroscopic technique to perform adsorption studies on semiconducting metal oxide particle systems. [54] [55] [56] Thus, a systematic investigation of synthesis related additives and contaminants belongs to the characterization challenges associated with the identification of defects and other materials specific factors that determine the photoelectronic properties of ZnO nanostructures. Irrespective of whether one deals with semiconducting or insulating metal oxide nanoparticles, a reliable discussion of their photoluminescence properties always requires to address nature and composition of the particle interfaces as well as composition of the surrounding continuous phase. This is This study underlines that resolving controversies in the reported optical properties of technically relevant metal oxide nanoparticles requires a more complete documentation of structural and compositional properties of bulk and surface and -in particular -the address of their photoelectronically interactive surfaces.
